Introduction
============

Non-small-cell lung cancer (NSCLC) accounts for approximately 85% of lung cancer that is the number one cancer killer.[@b1-bmi-8-2013-127] The 5-year survival rate for stage IV NSCLC is only 10%, whereas it is nearly 80% for stage IA NSCLC.[@b1-bmi-8-2013-127] These statistics provide the primary rationale to improve the early detection of NSCLC.[@b2-bmi-8-2013-127] MicroRNAs (miRNAs) are small molecules that have important functions in diverse biological processes, including cell proliferation, differentiation, and apoptosis.[@b3-bmi-8-2013-127]--[@b5-bmi-8-2013-127] miRNAs can transcriptionally regulate expressions of more than 30% of human protein-coding genes.[@b3-bmi-8-2013-127],[@b4-bmi-8-2013-127] Furthermore, dysfunction of some miRNAs contributes to the development and progression of human malignancies, including lung cancer.[@b6-bmi-8-2013-127] In addition, miRNA expression profiles offer molecular signatures for the classification, diagnosis, and progression of cancer, and thus could be developed as cancer biomarkers.[@b5-bmi-8-2013-127],[@b7-bmi-8-2013-127] Blood is one of the most easily and noninvasively accessible body fluids. The use of routine blood plasma samples for assessment of miRNAs originating from primary tumors either as a result of metastasizing cells or the leakage of sequences from the tumors into the peripheral circulation would provide a useful tool for lung cancer early detection.[@b8-bmi-8-2013-127]--[@b10-bmi-8-2013-127]

Quantitative polymerase chain reaction (qPCR) is one of the most commonly used techniques that can estimate expression levels of miRNAs in clinical specimens.[@b9-bmi-8-2013-127]--[@b12-bmi-8-2013-127] However, qPCR has 2 major challenges for the assessment of plasma miRNAs.[@b13-bmi-8-2013-127],[@b14-bmi-8-2013-127] First, qPCR is an indirect and labor-consuming approach to analyzing miRNAs, as it relies on an increase in fluorescence signal that is proportional to the polymerase reaction product, and uses the cycle threshold (C~T~) as a metric. C~T~ values for miRNA targets are referenced to endogenous small RNA controls across samples and used for normalization. This can become problematic, because expression levels of the endogenous controls and their transcripts may differ between samples.[@b13-bmi-8-2013-127],[@b15-bmi-8-2013-127] Furthermore, numerous endogenous genes have been evaluated for determination of target miRNAs, including U6, U6B, 18S rRNA, 5S RNA, RNU38B, and RNU43, yet none has been widely accepted as a standard control.[@b9-bmi-8-2013-127],[@b10-bmi-8-2013-127] These problems can be partially solved through the use of an exogenous "spike-in" control, which, however, does not account for any template-specific effect or bias introduced through primer design. Moreover, to estimate the absolute abundance of a given miRNA, data must be compared to a previously-generated standard curve from the same template with identical primers and conditions. However, the additional manipulations are labor intensive, and extreme care should be taken when measuring the reference samples and comparing the references and experimental standard curves.[@b13-bmi-8-2013-127] Second, the sensitivity of qPCR for the detection of a low copy number in genes is not high enough, as it only resolves \~1.5-fold changes of nucleic acids.[@b14-bmi-8-2013-127] Given that a proportion of the cancer-associated miRNAs is derived from primary tumor and could be 'diluted' in a background of normal miRNAs,[@b8-bmi-8-2013-127],[@b16-bmi-8-2013-127],[@b17-bmi-8-2013-127] the miRNAs presenting at low levels in plasma could be undetectable by qPCR.

Droplet digital PCR is a direct method for quantitatively measuring nucleic acids,[@b18-bmi-8-2013-127]--[@b25-bmi-8-2013-127] as it depends on limiting partition of the PCR volume, where a positive result of a large number of microreactions indicates the presence of a single molecule in a given reaction. The number of positive reactions, together with Poisson's distribution, can be used to produce a straight and high-confidence measurement of the original target concentration.[@b23-bmi-8-2013-127] Therefore, digital PCR does not require a reliance on rate-based measurements (C~T~ values), endogenous controls, and the use of calibration curves. Furthermore, previous studies targeting low copy numbers in nucleic acids have demonstrated that digital PCR has a high degree of sensitivity and precision as compared to qPCR.[@b26-bmi-8-2013-127]--[@b28-bmi-8-2013-127] However, limited data[@b25-bmi-8-2013-127],[@b29-bmi-8-2013-127] exist regarding the application of this new technology to quantify miRNAs in clinical specimens, particularly plasma, in the field of molecular oncology.

The objective of the present study was to evaluate the efficacy of digital PCR for the quantification of plasma miRNAs and its potential utility for cancer diagnosis. We first investigated the efficacy of using digital PCR for quantitative detection of 2 miRNAs (miRs-21--5p and 335--3p) in artificially-seeded samples, RNA of cancer cells, and clinical plasma samples. miRs-21--5p and 335--3p were chosen, because our previous studies[@b9-bmi-8-2013-127]--[@b12-bmi-8-2013-127] showed that miR-21--5p displayed a high expression level, whereas miR-335--3p had an endogenously low level in plasma. We then used digital PCR to quantify the copy number of plasma miR-21--5p and miR-335--3p in 36 lung cancer patients and 38 controls. This study presents the earliest assessment of digital PCR as a potential tool for quantitative detection of miRNAs in clinical samples for cancer diagnosis.

Materials and Methods
=====================

Determination of the dynamic range and sensitivity of miRNA quantification by using digital PCR and qPCR
--------------------------------------------------------------------------------------------------------

Synthetic single-stranded RNA oligonucleotides corresponding to human mature miRNAs, miR-21--5p and miR-335--3p, were purchased from Integrated DNA Technologies (Integrated DNA Technologies, San Diego, CA). To generate standard curves for the miRNAs, the synthetic miRNAs were inputted into the reverse transcription (RT) reaction over an empirically-derived range of copies, as previously described.[@b17-bmi-8-2013-127],[@b30-bmi-8-2013-127] Briefly, the varying dilutions of each oligonucleotide were made in diethylpyrocarbonate (DEPC) H~2~O such that the final input into the RT reaction had a volume of 1.67 μL. Input RNA was reversely transcribed by a T100 thermal cycler (Applied Biosystems, Foster City, CA) using TaqMan miRNA Reverse Transcription Kit and miRNA-specific stem-loop primers (Applied BioSystems). Information about the oligo sequences of miR-21--5p and miR-335--3p used for the RT and digital/qPCR reactions can be found on the website of Life Technologies Corporation (Life Technologies Corporation, Frederick, MD) with Cat. \# 4427975 and Cat. \# 4427975. The thermocycler parameters were as follows: hold for 30 min at 16°C, for 30 min at 42°C, and 5 min at 85°C. For conventional qPCR analysis, 2.25 μL of cDNA was combined with 2.75 μL of PCR reagents to produce a PCR reaction in a total volume of 5.0 μL. qPCR was carried out on an Applied BioSystems 7900HT thermocycler (Applied Biosystems) at 95°C for 10 min, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 min. qPCR data was analyzed by using the RQ Manager software (Applied Biosystems) with an automatic Ct setting for assigning the baseline and threshold for Ct determination. A standard curve from each synthetic miRNA was established, as previously described.[@b17-bmi-8-2013-127],[@b30-bmi-8-2013-127] All tests were performed in triplicates.

Digital PCR was performed in parallel for the measurement of miRNAs in the serially-diluted oligonucleotides. 20 μL of the reaction mixture containing 5 μL of cDNA solution, 10 μL of digital PCR^TM^ Supermix (Bio-Rad, Hercules, CA), and 1 μL of Taqman primer/probe mix (Applied Biosystems) and DEPC H~2~O was loaded into a plastic cartridge (Bio-Rad) with 70 μL of QX100 Droplet Generation oil (Bio-Rad) and then placed into the QX100 Droplet Generator (Bio-Rad). The droplets generated from each sample were transferred to a 96-well PCR plate (Eppendorf, Germany). PCR amplification was carried on a T100 thermal cycler (Applied Biosystems) at 95°C for 10 min, followed by 40 cycles of 95°C for 30 seconds and 60°C for 1 min, then 1 cycle of 98°C for 10 min, ending at 4°C. The plate was then loaded on Droplet Reader (Bio-Rad) and read automatically. Absolute quantification of each miRNA was calculated from the number of positive counts per panel using the Poisson distribution, as previously described.[@b13-bmi-8-2013-127],[@b27-bmi-8-2013-127],[@b29-bmi-8-2013-127],[@b31-bmi-8-2013-127] The quantification of the target miRNAs was presented as the number of copies/μL of PCR mixture. All tests were performed in triplicates.

To further determine the dynamic range and sensitivity of miRNA quantification by using digital PCR, we isolated total RNA from a lung cancer cell line (SK-MES-1) (American Type Culture Collection, Manassas, VA), using the miRVana™ PARIS™ Kit (Ambion, Austin, TX). cDNA was reversely transcribed using miRNA-specific primers for miR-335--3p in 15 μl reaction mixture. The RT product was diluted in DEPC water by 7 orders of magnitude ranging from 1:1 to 1:4096. The diluted samples were run by using digital PCR and qPCR, respectively, for the quantification of miR-335--3p.

miRNA quantification by using digital PCR and qPCR in plasma
------------------------------------------------------------

We recruited 15 cancer-free healthy nonsmokers from University of Maryland Medical Center under our Institutional Review Board (IRB)-approved research protocol. Written consent was obtained from the subjects of the study. RNA was isolated from plasma of 15 cancer-free nonsmokers using the miRVana™ PARIS™ Kit (Ambion).[@b12-bmi-8-2013-127] 1 μL RNA was reversely transcribed to cDNA with miRNA-specific primers for miR-21--5p and miR-335--3p, respectively, in a 15 μL reaction mixture. 5 μL of the RT product was used for digital PCR and qPCR analyses as described above for miRNA quantification in a 20 μL reaction mixture. To quantify the miRNAs in plasma by qPCR, C~T~ values were converted into absolute copy number per μL reaction mixture by using the standard curves generated above. To quantify the miRNAs by digital PCR, the copy number of each miRNA per μL PCR reaction mixture was directly determined using the Droplet Reader (Bio-Rad). The copy number of miRNA per μL of plasma was calculated based on a formula: copy number of each miRNA per μL of PCR reaction mixture is multiplied by the number of dilution folds in the plasma.

Determination of diagnostic values of miRNA quantification in plasma of lung cancer patients and cancer-free controls by digital PCR
------------------------------------------------------------------------------------------------------------------------------------

We recruited 36 patients with histological types of stage I NSCLC and 38 cancer-free individuals, including heavy smokers, from University of Maryland Medical Center under our IRB protocol. Geographic and clinical characteristics of the cases and controls are shown in [Table 1](#t1-bmi-8-2013-127){ref-type="table"}. 10 mL of peripheral blood was drawn from the subjects using standardized phlebotomy procedures in BD Vacutainer spray-coated K2EDTA Tubes (BD, Franklin Lakes, NJ). The blood samples from lung cancer patients were collected at the time of initial consultation, prior to definitive surgical management and/or adjuvant therapy. The specimens were processed within 2 hours of collection by centrifugation at 1,300 × g at 4°C for 10 minutes. Plasma was then transferred to a fresh tube and stored at −80°C until use.

Statistical analysis
--------------------

A t-test was applied to determine significant differences of values between groups. Kappa statistics were used to evaluate agreement between the different individuals for quantification of miRNAs. Bland-Altman plots were used to analyze the correlation of the 2 methods. A Pearson's correlation analysis was utilized to assess the relationship between plasma miRNA expressions and demographic characteristics of the patients and cancer-free controls. Clinicopathologic diagnoses were used as reference standards to decide the sensitivity and specificity of the miRNAs. Receiver-operator characteristic (ROC) curve and area under the curve (AUC) analyses were applied to determine the accuracy of each miRNA and cut-off values in a specimen with a given specificity rate. We used logistic regression models with constrained parameters as in least absolute shrinkage and selection operator (lasso) to determine the performance of the combined use of 2 genes. All *P* values shown were 2-sided, and a *P*-value of \< 0.05 was considered statistically significant.

Results
=======

The dynamic ranges and sensitivities of miRNA quantification by using digital PCR and qPCR
------------------------------------------------------------------------------------------

Synthetic single-stranded RNA oligonucleotides corresponding to human mature miR-335--3p and miR-21--5p were serially diluted and run with digital PCR and qPCR for measuring their copy number. Digital PCR analysis showed that both miR-335--3p and miR-21--5p exhibited excellent linearity between the target input and measured values in a dynamic range of 5 orders of magnitude from 1 to 10,000 copies/μL of input ([Figs. 1](#f1-bmi-8-2013-127){ref-type="fig"} and [2](#f2-bmi-8-2013-127){ref-type="fig"}). Furthermore, in this dynamic range, digital PCR displayed an estimated slope coefficient that was close to 1 (0.95--0.98) and R^2^ values that were close to 1 (0.96--0.99) for detection of the miRNAs. To determine reproducibility between digital PCR assays, the panel of dilutions of the synthetic RNA oligonucleotides was independently analyzed by 2 research staff members. There was a high agreement between the results produced from the independent digital PCR assays (the kappa statistic for concordance was 0.86, *P* \< 0.01). Standard curves created by qPCR assays showed that the 2 miRNAs displayed excellent linearity between target input and C~T~ values in a dynamic range from 100 to 1 × 10^7^ copies per μL ([Figs. 1](#f1-bmi-8-2013-127){ref-type="fig"} and [2](#f2-bmi-8-2013-127){ref-type="fig"}). However, qPCR produced more than 35 Ct values for the samples that had less than 100 copies of miRNAs per μL of input, suggesting that there was no significant amplification signal in the samples. Overall, digital PCR had a narrower dynamic range (approximately 1 and 10,000 copies per μL of input) compared with qPCR (100 and 1 × 10^7^ copies per μL of input) for quantification of the miRNAs ([Figs. 1](#f1-bmi-8-2013-127){ref-type="fig"} and [2](#f2-bmi-8-2013-127){ref-type="fig"}). However, the lowest copy number detected by digital PCR was significantly lower (1 copy per μL of input) than that by qPCR (approximately 100 copies per μL of input). Therefore, digital PCR might have a higher sensitivity compared with qPCR for quantitatively measuring copy number of the miRNAs tested in the present study.

To further determine the sensitivity of miRNA quantification by using digital PCR, total RNA was isolated from a lung cancer cell line, SK-MES--1. The generated cDNA was diluted over 1:4 series by 7 orders of magnitude ranging from 1:1 to 1:4096, and then run with digital PCR and qPCR, respectively. The values generated by digital PCR were associated well with the RNA input (R^2^ = 0.95), at over 5 orders of magnitude ranging from 1:4 to 1:1024 ([Fig. 3A](#f3-bmi-8-2013-127){ref-type="fig"}). The lowest concentration of miR-335--3p measured by digital PCR was 0.63 copies/μL of reaction in 1:1024 dilutions. qPCR analysis showed that the C~T~ values correlated well with the RNA input (R^2^ = 0.94), at over 5 orders of magnitude ranging from 1:1 to 1:256 ([Fig. 3B](#f3-bmi-8-2013-127){ref-type="fig"}) in serially-diluted samples. However, qPCR could not produce amplification signal in the samples that had a low amount of RNA input (1:1024 dilutions; [Fig. 3B](#f3-bmi-8-2013-127){ref-type="fig"}; [Supplementary Fig. 1](#s1-bmi-8-2013-127){ref-type="supplementary-material"}). These observations confirm that digital PCR might have a higher sensitivity than does qPCR assay for quantitative assessment of the 2 miRNAs.

The sensitivity of digital PCR for quantitatively detecting miRNAs in plasma
----------------------------------------------------------------------------

To investigate the sensitivity of digital PCR for assaying copy number of miRNAs in plasma, RNA was isolated from 15 healthy nonsmokers, and then run with digital PCR and qPCR in parallel for the quantification of miR-21--5p and miR-335--3p. For qPCR assay, standard curves generated from the above experiments in the above serially-diluted samples were used to determine copy number of the miRNAs. For digital PCR, the copy number of each miRNA was determined by using the Droplet Reader. Each well of the plasma samples contained at least 10,000 droplets. Therefore, the samples were successfully "read" by a fluorescence detector. The copy number of miR-21--5p/μL PCR reaction mixture assessed by digital PCR was 25.09 ± 1.93 ([Fig. 4A](#f4-bmi-8-2013-127){ref-type="fig"}). The copy number of miR-21--5p/μL reaction determined by qPCR was 24.69 ± 2.2. Consequently, the copy number of miR-21--5p/μL plasma determined by digital PCR and qPCR was 6,021.6 ± 463.2 and 5,925.6 ± 480, respectively ([Fig. 4B](#f4-bmi-8-2013-127){ref-type="fig"}). There was no significant difference of copy number of miR-21--5p assessed by the different techniques (*P* = 0.82). Furthermore, there was close agreement between the 2 methods for measuring miR-21--5p in this set of specimens as determined by Bland-Altman Analysis ([Supplementary Fig. 2](#s2-bmi-8-2013-127){ref-type="supplementary-material"} and [Supplementary Table 1](#s4-bmi-8-2013-127){ref-type="supplementary-material"}). Consistently, a Pearson's correlation analysis showed a high correlation between the 2 methods (R2 = 0.96). The copy number of miR-335--3p was also successfully assessed in the plasma samples by digital PCR. As shown in [Figure 4C](#f4-bmi-8-2013-127){ref-type="fig"}, the copy number of miR-335--3p per μL PCR reaction mixture assessed by digital PCR was 0.44 ± 0.13. Subsequently, the copy number of miR-335--3p per μL plasma evaluated by digital PCR was 106.2 ± 7.0 ([Fig. 4D](#f4-bmi-8-2013-127){ref-type="fig"}). The Ct value of qPCR for miR-335--3p in the plasma samples was more than 40, and thus amplification curves for the miRNAs were not generated. The absence of amplification for miR-335--3p indicated that qPCR could not efficiently detect the miRNA in plasma. Therefore, digital PCR rather than qPCR might reliably and sensitively measure the copy number of miR-335--3p that has endogenous low-level expression in plasma.

Diagnostic potential of miRNA quantification in plasma by digital PCR
---------------------------------------------------------------------

The absolute copy number of 2 lung cancer-associated miRNAs, miR-21--5p and miR-335--3p, was evaluated in plasma obtained from a cohort of 36 NSCLC patients and 38 cancer-free subjects. The copy number for miR-21--5p/μL plasma in the specimens of cancer patients and cancer-free individuals was 23,458 ± 5,249 and 6,384 ± 796.7, respectively (*P* = 0.0013). The copy number for miR-335--3p/μL plasma of cancer patients and cancer-free individuals was 278.4 ± 70.49 and 91.19 ± 16.64, respectively (*P* = 0.009) ([Supplementary Fig. 3](#s3-bmi-8-2013-127){ref-type="supplementary-material"}). Overall, both miR-21--5p and miR-335--3p had a significantly higher copy number in the plasma of lung cancer patients compared with cancer-free controls.

The 2 miRNAs exhibited AUC values of 0.79 and 0.71, respectively, in distinguishing NSCLC patients from the controls ([Fig. 5A--B](#f5-bmi-8-2013-127){ref-type="fig"}). Furthermore, combined quantification of the 2 miRNAs by digital PCR produced 0.86 AUC, which was statistically higher than that of individual ones used alone ([Fig. 5C](#f5-bmi-8-2013-127){ref-type="fig"}; all *P* \< 0.05). Given a specificity of 80.6%, the 2 miRNAs used in conjunction revealed a sensitivity of 71.8% in differentiating the NSCLC patients from the cancer-free subjects. Given a sensitivity of 100%, the 2 miRNAs used in combination produced a specificity of 52.6% in the set of cases and controls. Furthermore, the estimated correlation between the miRNAs was low (all R's \< 0.50, all *P*'s \> 0.05), implying that the copy number of the 2 miRNAs in plasma could be complementary to each other.

Discussion
==========

Quantitative determination of low amounts of miRNA templates is challenging with qPCR. Our head-to-head comparison of digital PCR and qPCR for measuring miRNAs in both artificially-seeded samples and cancer cells demonstrates that digital PCR exhibits a higher sensitivity than qPCR to quantitatively detect the copy number of miRNAs. Furthermore, digital PCR displays a high reproducibility in analysis of miRNAs. In addition, digital PCR rather than qPCR not only determines the copy number of miR-21--5p, which is highly abundant in plasma, but also of miR-335--3p, which is lowly abundant. Moreover, the performance characteristic of digital PCR for quantitative assessment of the miRNAs is validated in clinical plasma specimens of lung cancer cases and controls. The observations imply that digital PCR might overcome the weakness of the conventional PCR technique for quantitative detection of the low abundant miRNAs in the circulating body fluid. Therefore, digital PCR could potentially provide a useful means for quantification of low abundant plasma miRNAs, whose changes are the hallmark of lung cancer.

A standard curve is essential for qPCR assay. Yet the development of multiple standard curves for multiple miRNAs is labor-intensive and time-consuming.[@b25-bmi-8-2013-127] Digital PCR does not require a standard curve. Using digital PCR, one could reproducibly quantify multiple RNAs without the time-consuming generation of multiple standard curves. Therefore, another significant advantage of digital PCR would be its convenience for efficient quantification of multiple miRNAs on numerous samples. Furthermore, Hayden et al.[@b24-bmi-8-2013-127] has shown that digital PCR can be used at nearly the same cost as qPCR, because most reagents used are identical in the 2 systems, and have scalable, rapid throughput. In addition, the digital nature of the results means that data handling is relatively straightforward. Therefore, digital PCR would be practically useful in laboratory settings for efficient quantification of multiple miRNAs in large numbers of samples.

However, a potential weakness of the current digital PCR technique should be emphasized. Accurate quantitation of a transcript by digital PCR relies on a proper distribution of positive (cDNA from the target miRNA present) to negative (no cDNA) droplets. If the concentration of target cDNA is too high, there might be many droplets with 2 or more templates, obscuring the potential for digital identification. Statistical analysis would become less reliable.[@b25-bmi-8-2013-127] Indeed, our present study shows that the highest copy number per μL of input detected by digital PCR is 10,000 in the serially-diluted samples, which is significantly lower than that of qPCR. To analyze the miRNAs that might have high concentrations in plasma, appropriately diluting cDNA samples to have suitable cDNA concentrations in PCR reaction would be required before digital PCR is performed. Furthermore, continuous improvement of this digital PCR technique to expand its capability is necessary. In addition, combed use of qPCR for quantification of higher abundant plasma miRNAs and digital PCR for lower amount miRNAs would provide a synergetic approach for cancer diagnosis.

Dysregulation of both miR-21--5p and miR-335--3p has been suggested to involve in the development and progression of a variety of human cancers.[@b32-bmi-8-2013-127]--[@b37-bmi-8-2013-127] For instance, upregulation of miR-21--5p has important function in cell proliferation, migration, invasion and survival.[@b38-bmi-8-2013-127] Knock-down of miR-21--5p could induce apoptosis and repress cell proliferation and invasion. miR-21--5p was also found to be elevated in many cancers such as lymphoma, prostate cancer, colorectal cancer and breast cancer.[@b32-bmi-8-2013-127]--[@b35-bmi-8-2013-127] We previously found that analysis of miR-21--5p in sputum could potentially assist diagnosis of lung cancer.[@b39-bmi-8-2013-127] Abnormal expression of miR-335-3p was associated with metastatic processes in breast cancer.[@b36-bmi-8-2013-127] Recently, an elevated expression level of miR-335-3p was found in multiple myeloma.[@b37-bmi-8-2013-127] The results created from our present study are consistent with these previous findings, and provide further evidence in support of using the miRNAs as potential biomarkers for cancer diagnosis.

There are limitations to the present study. First, the sample size is comparably small, so further evaluation of the miRNAs in large cases and controls cohorts is clearly required. Second, the sensitivity (72.2%) and specificity (82.5%) of using the only 2 miRNAs for diagnosis of NSCLC are not efficient in routine clinical application. Furthermore, dysregulation of the 2 miRNAs is associated with other types of cancers,[@b32-bmi-8-2013-127]--[@b37-bmi-8-2013-127] not specific to lung cancer. We are extensively evaluating more lung tumor-specific miRNAs defined from our and other groups[@b7-bmi-8-2013-127],[@b10-bmi-8-2013-127]--[@b12-bmi-8-2013-127] to identify additional plasma-based miRNAs that can be added to the current ones so that the diagnostic efficacy of digital PCR could be improved. We are also continually determining the performance characteristics of digital PCR for miRNA quantification by diluting the total RNA of differently treated samples/different clinical samples/cancer cell lines.

Taken together, this study demonstrates that digital PCR might absolutely quantify the copy number of low abundant miRNAs and provide a potential tool for the quantification of plasma miRNAs whose changes are associated with lung cancer. Nevertheless, the continued development of this technology in many clinical scenarios, and further work to explore its value for routine use in diagnostic testing for cancer is required.

Supplementary Materials
=======================

###### 

Quantification of miR-335--3p by qRT-PCR using RNA isolated from a lung cancer cell line, SK-MES-1. The generated cDNA was diluted over 1:4 series by seven orders of magnitude ranging from 1:1 to 1:4096. The values produced by qPCR were related to the RNA input over five orders of magnitude ranging from 1:1 to 1:256. However, qPCR was not able to detect the sample that had low amount RNA input (1:1024 dilutions). This experiment was performed three times.

###### 

A Bland-Altman plot was used to determine the agreement between copy number of miR-21--5p detected by digital PCR and qRT-PCR assays. The two methods had very similar results on average, and the bias (difference between the means) is 3.5. The 95% limits of agreement were between −546.3 and 553.4.

###### 

Comparison of plasma miRNA expressions in 36 lung cancer patients and 38 cancer-free controls. Horizontal lines indicate mean values. **A.** Copy number for miR-21--5p/μl plasma of cancer patients and cancer-free individuals was 23,458 ± 5,249 and 6,384 ± 796.7, respectively (*P* = 0.0013). **B.** Copy number for miR-335--3p/μl plasma of cancer patients and cancer-free individuals was 278.4 ± 70.49 and 91.19 ± 16.64, respectively (*P* = 0.009).

  ------------------------- --------
  BIAS                      3.533
  SD of bias                280.5
  95% Limits of Agreement   
  From                      −546.3
  To                        553.4
  ------------------------- --------
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![The dynamic ranges and sensitivities of digital PCR and qPCR for miR-335--3p quantification. **A**. Linearity of miR-335--3p concentration measured by digital PCR in a dilution series of known input amounts of synthetic oligonucleotide corresponding to miR-355--3p and a negative template control (NTC) sample. The x-axis represented concentrations (copy number/μL) of the dilution series; y-axis represented measured concentrations by digital PCR in triplets. Digital PCR had a dynamic range of 5 orders of magnitude from 1 to 10,000 copies per μL. **B**. A standard curve was generated for miR-335--3p by qPCR in the serially-diluted samples. The x-axis displayed concentrations (copy number/μL) of the dilution series; the y-axis represented their Ct measured by qPCR. qPCR had a dynamic range of 6 orders of magnitude ranging from 100 to 1 × 10^7^ copies per μL. **C**. Digital PCR had a narrower dynamic range (1 and 10,000 copies per μL of input) compared with qPCR (100 and 1 × 10^7^ copies per μL of input) for quantification of miR-335--3p. The lowest copy number detected by digital PCR is significantly lower (one copy per μL of input) than that by qPCR (100 copies per μL of input). The experiments were performed 3 times.](bmi-8-2013-127f1){#f1-bmi-8-2013-127}

![The dynamic ranges and sensitivities of digital PCR and qPCR for miR-21--5p quantification. **A**. Linearity of miR-21--5p concentration measured by digital PCR in a dilution series of known input amounts of synthetic oligonucleotide corresponding to miR-21--5p and a negative template control (NTC) sample. Digital PCR had a dynamic range of 5 orders of magnitude from one to 10,000 copies per μL. **B**. qPCR had a dynamic range of six orders of magnitude ranging from 100 to 1 × 10^7^ copies per μL. **C**. Digital PCR had a narrower dynamic range compared with qPCR for quantification of miR-21--5p. The lowest copy number detected by digital PCR is significantly lower (one copy per μL of input) than that by qPCR (100 copies per μL of input). The experiments were performed 3 times.](bmi-8-2013-127f2){#f2-bmi-8-2013-127}

![Quantification of miR-335--3p by digital PCR and qPCR using RNA isolated from a lung cancer cell line, SK-MES-1. The generated cDNA was diluted over 1:4 series by 7 orders of magnitude ranging from 1:1 to 1:4096. **A**. The values produced by digital PCR were related to the RNA input over 5 orders of magnitude ranging from 1:4 to 1:2014. The x-axis represented input concentrations of the dilution series; y-axis represented measured concentrations by digital PCR. **B**. qPCR analysis showed that the CT values associated to the RNA input over 5 orders of the magnitude ranging from 1:1 to 1:256. However, qPCR was not able to reliably detect the sample that had low amount RNA input (1:1024 dilutions). This experiment was performed 3 times. Figure 3B only shows 1 well for the amplification at each dilution.](bmi-8-2013-127f3){#f3-bmi-8-2013-127}

![Quantification of miRNAs in plasma of 15 healthy nonsmokers by digital PCR and qPCR. **A**. Concentration represented by copy number of miR-21--5p per μL PCR reaction by digital PCR assay. **B**. The graph indicated copy number of miR-21--5p per μL plasma measured in the 15 plasma samples by digital PCR and qPCR, respectively. **C**. Concentration represented by copy number of miR-335--3p per μL PCR reaction by digital PCR. **D**. Copy number of miR-335--3p per μL plasma measured in the 15 samples by digital PCR.](bmi-8-2013-127f4){#f4-bmi-8-2013-127}

![Diagnostic values of miRNA quantification by digital PCR in plasma. The ROC and AUC were used to determine sensitivity and specificity of each miRNA. AUC for each miRNA conveyed its accuracy in differentiating lung cancer patients from the control subjects in terms of sensitivity and specificity. **A**. ROC curve analysis of copy numbers of the miR-21--5p in plasma of the 36 lung cancer patients and 38 cancer-free individuals produced 0.79 AUC value. **B**. miR-335--3p created 0.71 AUC value. **C**. Combined quantification of miR-21--5p and miR-335--3p by digital PCR produced 0.86 AUC that was statistically higher than that of individual one used alone. Analysis of the two miRNAs generated a sensitivity of 71.8% and a specificity of 80.6% in differentiating NSCLC patients from the cancer-free subjects.](bmi-8-2013-127f5){#f5-bmi-8-2013-127}

###### 

Demographic and clinical data of 36 lung cancer patients and 38 cancer-free controls.

  PARAMETER                 LUNG CANCER PATIENTS   \%     CANCER-FREE CONTROLS   \%
  ------------------------- ---------------------- ------ ---------------------- ------
  Age, years                66.7                          64.6                   
                                                                                 
  **Gender**                                                                     
                                                                                 
  Men                       22                     61.1   25                     65.8
                                                                                 
  Women                     14                     38.9   13                     34.2
                                                                                 
  **Race**                                                                       
                                                                                 
  White American            27                     75     28                     73.7
                                                                                 
  African American          9                      25     10                     26.3
                                                                                 
  Smoking, pack-years       49.3                          19.6                   
                                                                                 
                            28.6                          12.7                   
                                                                                 
  **Histology**                                                                  
                                                                                 
  Adenocarcinoma            20                     55.6                          
                                                                                 
  Squamous cell carcinoma   16                     44.4                          
                                                                                 
  All are stage I NSCLC                                                          

**Abbreviation:** NSCLC, non-small cell lung cancer.

[^1]: Authors with equal contributions.
